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Regulated mRNA Stability of the Cdk Inhibitor Rum1
Links Nutrient Status to Cell Cycle Progression
because cells require longer to grow sufficiently during
G1 to initiate S phase. Under these conditions, the Rum1
protein plays a major role in lengthening G1 by inhibiting
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2Centro de Investigacio´n del Ca´ncer, CSIC cdc2/cyclin complexes [3, 4]. Although rum1 is a nones-
sential gene under normal growth conditions, it is neces-Universidad de Salamanca
Campus Miguel de Unamuno sary when cells require a G1 interval for growth, such
as during mating [5]. A rum1 mutant is unable to arrest37007 Salamanca
Spain in G1 when nitrogen is removed in the presence of pher-
omones and, therefore, is sterile. Therefore, Rum1 is a G1
specific Cdk inhibitor that inactivates the Cdc2/Cdc13
complex in G1 in response to intrinsic signals, suchSummary
as cell size, or extrinsic signals, such as pheromone
signaling [3–5].Background: The survival of a cell depends on continu-
The level of the Rum1 protein oscillates through theous sensing of the nutritional environment and appro-
cell cycle with a peak in G1 [6]. During S phase and G2,priate coordination of the cell cycle. The fission yeast
Rum1 is phosphorylated by Cdk-cyclin complexes onSchizosaccharomyces pombe is an excellent model
residues T58 and T62, which triggers its degradation bysystem in which to study these processes. In the pres-
an SCF- and ubiquitin-dependent proteolytic pathwayence of nutrients, fission yeast cells grow and divide,
[6–8]. Here, we show that rum1 gene expression is alsospending most of their time in G2; when nutrients are
regulated by mRNA stability. We have identified a regionlimiting, they are promoted into mitosis and arrest the
in the 3UTR containing several AU-rich elements (ARE)cell cycle in G1. The molecular mechanisms underlying
that mediate regulation of rum1 mRNA stability de-this response are currently unknown.
pending on the concentration of nitrogen in the medium.Results: Here, we show that expression of the fission
In the presence of nitrogen, rum1 mRNAs are extremelyyeast Cdk inhibitor Rum1, a key regulator of Cdc2/cyclin
unstable and the level of rum1 mRNAs is low. UponB in G1, is subject to regulated mRNA stability in re-
nitrogen deprivation, the mRNAs are stabilized and thesponse to nutrient deprivation. In complete minimal me-
Rum1 protein level increases rapidly. This stabilizationdium, rum1 mRNAs are very unstable. Following nitro-
of rum1 mRNAs is important to delay the cell cycle ingen starvation, rum1 mRNAs are rapidly stabilized,
G1 in response to nitrogen starvation.allowing the accumulation of Rum1 protein to delay the
G1 phase of the subsequent cell cycle. Instability of
rum1 mRNAs in complete minimal medium depends on
Resultsthe presence of AU-rich elements in the 3UTR. We also
show that lack of this mechanism has consequences in
The rum1 Gene Encodes Two mRNAs that Arethe mitotic cell cycle, in meiosis, and in the control of
Expressed from Two Promotersploidy.
Intergenic regions in the fission yeast genome are gener-Conclusion: We propose that mRNA stability is an im-
ally short [9]. The rum1 gene, with an open reading frameportant mechanism to fine tune the expression of the
(ORF) of 0.7 kb, is one exception to this rule because itrum1 gene, in order to allow the production of appro-
occupies 4 kb in the genome with long 5 and 3 in-priate levels of Rum1 protein in response to changes in
tergenic regions [10] (Figure 1A). Previous work fromthe nutritional environment.
our laboratory showed that rum1 is transcribed into two
mRNAs of different sizes (mRNA1, large, and mRNA2,
Introduction short). These two transcripts are detected at low levels in
cells growing exponentially in complete minimal medium
Coordination between cell growth and cell division de- and increase upon nitrogen starvation [5, 6, 11]. This
pends on regulation of cyclin-dependent kinase (Cdk) prompted us to characterize these two mRNAs in more
activity at two control points, at the end of G1 before detail in the hope that we might detect additional mecha-
the onset of DNA replication and at the end of G2 before nisms regulating rum1 gene expression. Since Rum1 is
mitosis. In S. pombe, one important element in this regu- a key negative cell cycle regulator that acts in opposition
lation is the Cdk inhibitor Rum1 that, in G1, blocks cell to cyclins to determine the length of G1, we suspected
cycle progression to allow the initiation of sexual differ- that the levels of Rum1 protein must be stringently regu-
entiation in response to nutrient deprivation. lated. Using a combination of Northern blot analysis with
Exponentially growing fission yeast cells have a short small probes, cDNA sequencing, and primer extension,
G1 phase because the critical mass required for S phase we mapped the transcription start and polyadenylation
entry is achieved during G2 of the previous cell cycle sites of both mRNAs (Figures 1A and 1B; [3]). The tran-
[1, 2]. In mutants with a short G2 phase, such as wee1- scripts contain the same ORF flanked by a common
50, mitosis occurs at a smaller size, and G1 is lengthened 3UTR of 635 nt and different 5UTR of 986 nt for mRNA1
and 105 nt for mRNA2 (Figures 1B and 1C). The differ-
ence in size between mRNAs 1 and 2 was therefore due*Correspondence: smo@usal.es
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was tested by gene replacement (Figure 2A). Mutation
of the four small uORFs (rum1-atg-ctg) did not affect
significantly the amount of rum1 mRNA or protein found
in exponentially growing cells (Figure 2A). However, de-
letion of the 3UTR (rum1-d31) resulted in a striking
increase in the level of both mRNA1 and 2 that correlated
with an accumulation of Rum1 protein (Figure 2A).
A possible explanation for this result is that the stabil-
ity of rum1 mRNA is determined by the 3UTR. To test
this possibility, we measured the half-lives of wild-type
and mutant rum1 mRNAs (Figure 2B). Wild-type rum1
mRNA has a very short half-life of approximately 2 min,
which increased 6-fold when the 3UTR was removed,
indicating that the 3UTR contains a sequence that
causes instability of the rum1 messages. Consistent
with these observations, low-level expression of mutant
rum1-d31 from the weak thiamine-repressible nmt81
promoter is toxic to S. pombe cells even in the presence
of thiamine (Figure 2C). This toxicity is a direct conse-
quence of unregulated expression of the rum1 gene,
which has been shown to cause polyploidization and
cell cycle delay in G1 [6, 7]. Cells transformed with a
multicopy nmt81-rum1-d31 vector grew slowly and
took several days longer to form colonies than cells
transformed with the same vector containing wild-type
rum1 (Figure 2C).
Mapping the Functional Element in the 3UTR
Responsible for the Instability of rum1 mRNAs
In order to define more precisely the sequence confer-
ring instability to rum1 mRNAs, we carried out a deletion
analysis of the rum1 3UTR (Figures 3A and 3B). These
mutant alleles of rum1 were introduced into the chromo-
some of the cdc10-129 mutant by gene replacement.
The cdc10-129 mutant is slightly compromised for the
G1/S transition, and it is highly sensitive to increased
levels of Rum1 protein. We performed a Northern blot to
determine the level of rum1 mRNAs and flow cytometry
analysis to measure the percentage of cells delayed in
Figure 1. rum1 Encodes Two mRNAs with Different 5UTRs G1, as an indication of the amount of Rum1 protein
(A) Physical map of the rum1 locus. Two rum1 mRNAs were detected present in the cell (see below). The smallest deletion
by Northern blot. Transcription initiation was coarsely mapped by
that gave similar results to rum1-d31 was rum1-d3-Northern blot via five small probes in the 5UTR.
9.2, with a 5.5-fold increase in the level of rum1 mRNAs(B) The 5-ends of rum1 mRNA1 and mRNA2 were determined by
with respect to wild-type (Figure 3B) and 18% of cellsprimer extension (PE). The primer extension reactions produced two
products for mRNA1 (left panel) and one product for mRNA2 (right in G1 (Figure 3A, left column) versus a 5.6 and 22%,
panel) (indicated by arrows). Sequences and positions relative to respectively, for rum1-d31. Deletion d3-9.2 lacks 275
AUG start codon are indicated in each case. nucleotides (115–390) in the 3UTR required to cause
(C) Schematic representation of rum1 mRNA1 and mRNA2 showing
instability to rum1 mRNAs (Figure 3C). We named thisthe length of the 5- and 3UTR and the position of the four small
sequence RIE (for rum1 instability element). RIE containsuORFs in the 5UTR of mRNA1.
several sequences that are similar to the AU-rich ele-
ments (ARE) (Figure 3D), which are known to confer
instability on mRNAs of genes, such as MFA2 in S. cere-to the different lengths of their 5UTRs. In the case of
visiae and the c-fos protooncogene in mammalian cellsmRNA1, this UTR contains four small uORFs (Figure 1C).
(reviewed in [17]). These ARE-like sequences may there-
fore be involved in the rapid turnover of rum1 mRNAs
in exponentially growing S. pombe cells.The 3UTR Regulates rum1 mRNA Stability
Sequences flanking the ORF in a mRNA may regulate Fission yeast cells expressing a nondegradable ver-
sion of Rum1 (Rum1-A58A62) show a G1 delay and poly-properties, such as mRNA transport, subcellular local-
ization, mRNA stability, or translational efficiency [12– ploidization phenotype, but these cells are viable [6].
Interestingly, expression of a rum1-A58A62 mutant al-15]. The four small upstream ORFs were eliminated by
changing the sequence ATG in the initiation codons to lele lacking the RIE is lethal. We have evidence of this
from two independent experiments. First, we were un-CTG [16], and the resulting mutant allele (rum1-atg-ctg)
mRNA Stability of rum1
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Figure 2. The 3UTR Regulates rum1 mRNA
Stability
(A) Physical map of the mRNAs showing the
mutations of the four uORFs and the deletion
of the 3UTR. Northern and Western blot
showing rum1 mRNA levels and Rum1 protein
levels in the wild-type (rum1) and the strains
rum1-atg-ctg and rum1-d31. rum1 was
used as a negative control. rRNAs stained
with ethidium bromide for the Northern and
anti-tubulin for the Western blot was used as
loading control.
(B) Decay of rum1 and rum1-d31 mRNAs
following the inhibition of transcription. Wild-
type rum1 or the mutant rum1-d31 was ex-
pressed from the pREP81X vector and in-
duced for 14 hr in medium without thiamine
(T). Thiamine was added to the culture and
the levels of rum1 mRNA were determined by
Northern blot of RNA samples prepared at
the times indicated (min) after thiamine
addition. T, cells growing with thiamine
(promoter off); T, cells after 14 hr growing
without thiamine (promoter on). rRNAs
stained with ethidium bromide were used as
loading control. The amount of mRNA was
plotted against time to determine the half-
lives of the mRNAs.
(C) The strain rum1 leu1-32 was transformed
with plasmids pREP81X:rum1 and pRE-
P81X:rum1-d3-1. Transformants were se-
lected in medium containing 5 g/ml thiamine.
able to obtain viable transformants when we tried to the RIE (Figure 4B). Cells expressing ura4 from the rum1
locus grew slowly in minimal medium without uracilreplace the wild-type rum1 gene with the double mutant
allele rum1-A58A62 rie under the same conditions suc- (EMM; Figure 4B). However, cells expressing ura4 in a
RIE deletion background grew very well, since the levelscessfully used to replace the gene with other rum1 al-
leles. Second, expression of rum1-A58A62 rie from the of ura4 mRNA were similar to those in wild-type cells
(Figure 4B). This result indicates that the RIE does notweak nmt81 promoter in the presence of thiamine killed
S. pombe cells. We infer that simultaneous stabilization require additional sequences in the rum1 ORF to cause
instability of rum1 mRNAs.of rum1 mRNAs and Rum1 protein is lethal for the cell.
Protein degradation and mRNA instability are therefore To test whether the RIE behaves autonomously, we
inserted the RIE sequence into the 3UTR of the ura4two important posttranscriptional mechanisms that act
independently to attenuate rum1 function. mRNA (Figure 4C). We used the ura4 gene because its
3UTR and polyadenylation are well characterized [19].
The RIE was introduced more than 100 nucleotides up-RIE Can Act Autonomously to Confer Instability
to Other mRNAs stream of the ura4 polyadenylation site. In this strain,
levels of chimeric ura4-RIE mRNA were greatly reducedIn the case of c-fos, mRNA decay is regulated by the
interaction between the ORF and the 3UTR [18]. To test compared to wild-type (Figure 4D). In addition, cells
expressing ura4-RIE grew slowly in medium lacking ura-whether RIE needs to interact with other sequences in
the rum1 mRNAs to cause instability, we exchanged the cil (Figure 4D). Therefore, we conclude that RIE is an
autonomous sequence that can induce the degradationORF of rum1 for that of ura4 in the presence or the
absence of the RIE (Figure 4A). This experiment was of other mRNAs when inserted in the 3UTR.
done in a strain deleted for the endogenous ura4 gene
so that all the ura4 mRNA present in the cell was pro- RIE Limits the Amount of rum1 mRNAs in Complete
Minimal Medium but Not in Poor Mediumduced from the rum1 locus. Expression of ura4 in these
cells essentially recapitulated rum1 expression in a wild- Exponentially growing fission yeast cells enter mitosis
and undergo cell division with a smaller size than normal,type strain; two transcripts were observed instead of
one, and these were more abundant in the strain lacking upon nitrogen starvation [20, 21]. Very little is known
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Figure 3. Mapping the rum1 Instability Element
(A) Schematic representation of the different constructions used to map the RIE sequence. Gray and black boxes correspond to 24 nucleotides
downstream from the rum1 stop codon and the final 94 nts containing the polyadenylation signal of rum1 mRNAs, respectively. This experiment
was performed in a cdc10-129 genetic background at 25C. The numbers on the left correspond to the percentage of cells in G1, and it is
an indication of the level of Rum1 protein. (B) The different strains were grown in minimal medium until midexponential phase and samples
were taken to measure rum1 mRNA levels. Ura4 mRNA was used as loading control. mRNA was quantified using a phosphorimager (C). Decay
of rum1 and rum1-rie275 mRNAs following the inhibition of transcription. mRNA half-lives were determined as in Figure 2B. (D) Sequence
of the rum1 3UTR showing the 275 nucleotide AU-rich RIE are in bold. (1), (2), and (3) indicate the predicted efficiency element, poly-A signal,
and poly-A site, respectively [31].
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Figure 4. The RIE Does Not Require Other
rum1 Sequences and Acts Autonomously
(A) Physical map of rum1 mRNA (rum1) and
the chimeric mRNAs derived from hybrids made
between rum1 5UTR and 3UTR and the ura4
coding region (rum1:ura4) and the same hy-
brid massage lacking RIE (rum1:ura4-rie1).
The rum1 gene was replaced with these two
constructions.
(B) The rum1:ura4 and the rum1:ura4-rie1
strains were grown in minimal medium (EMM)
or minimal medium plus uracil. Northern blot
analysis showing the mRNA levels of ura4 in
wild-type (ura4), rum1:ura4, and rum1:ura4-
rie mutant.
(C) Physical map of ura4 mRNA (ura4) and
the chimeric mRNA derived from hybrids be-
tween ura4 coding region and RIE (ura4-RIE).
The ura4-RIE construction was expressed
from the ura4 locus.
(D) ura4 and ura4-RIE strains were grown in
EMM or EMM plus uracil. Northern blot of
these two strains showing levels of ura4
mRNA. rRNA stained with methylene blue
was used as loading control in Northerns
showed in (B) and (D). RIE corresponds to the
sequence 27–541 in the 3UTR.
about the mechanism by which S. pombe cells advance regulates the rapid increase in rum1 mRNA and protein
levels observed when S. pombe cells are starved formitosis and arrest in G1 in response to changes in nu-
trition (Figure 5A). We tested whether the stability of nitrogen.
One possibility is that stabilization of rum1 mRNAs inrum1 mRNAs was regulated by nitrogen starvation and
whether this could account for the resulting G1 arrest. G2 allows the rapid accumulation of mRNAs in prepara-
tion for the next G1 phase of the cell cycle when theNorthern blot analysis showed that the levels of rum1
mRNA1 and mRNA2 increased within 40 min after shift- Rum1 protein is needed. To test this possibility, we syn-
chronized cells in early G2 by elutriation and transferreding the cells to nitrogen-free medium (Figure 5B). We
also measured the level of ura4 mRNA in wild-type and them to medium lacking nitrogen from early, medium,
and late G2. In all three cases, we observed a rapidin the ura4-RIE mutant. In wild-type cells, ura4 mRNA
level decreased upon nitrogen starvation (Figure 5B). increase of rum1 mRNAs within 30 min of the shift (Figure
5E, left panel). Accumulation of rum1 mRNAs in cellsBy contrast, in the ura4-RIE strain the ura4 mRNA level
was low in exponentially growing cells and increased shifted to nitrogen-free medium in early G2 occurred
well before the cells reached G1 (Figure 5E, right panel).with the same kinetics as rum1 mRNAs when nitrogen
was removed from the medium (Figure 5B). Accumula- We therefore propose that stabilization of rum1 mRNAs
depends mainly on the nutritional signal, irrespective oftion of the rum1 messages resulted in an increase in
Rum1 protein levels (Figure 5C). In the strain rum1-rie, the position in G2, allowing the accumulation of Rum1
protein to delay the G1 phase of the subsequent cellthe rum1 mRNA levels were high at t  0, and we did
not observe a further increase of the rum1 mRNAs after cycle.
The increase of rum1 mRNA1 and 2 was transient40–60 min in medium lacking nitrogen (Figure 5D). These
experiments clearly indicate that the RIE on its own and eventually both mRNAs were downregulated (Figure
Current Biology
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Figure 5. The RIE Limits the Expression of rum1 in Exponentially Growing Cells and Allows Its Accumulation under Nitrogen Starvation
(A) Diagram showing the cell cycle distribution of wild-type cells growing exponentially (top) and after transfer to medium lacking nitrogen
(bottom). Upon nitrogen starvation, the cells initiate mitosis with a smaller cell size than in complete minimal medium.
(B) Wild-type (rum1 ura) cells and cells expressing ura4 with the RIE sequence inserted in its 3UTR (rum1 ura4-RIE) (as in Figure 4B)
were grown to midexponential phase, washed, and reinoculated in minimal medium lacking nitrogen for 4 hr. Samples were taken at the
indicated times after nitrogen deprivation to prepare mRNA or protein extracts. Northern blot analysis showing the levels of ura4, rum1 mRNAs.
Actin mRNA was used as a loading control. mRNA quantification is expressed in arbitrary units (a.u.).
(C) Western blot showing Rum1 protein levels in wild-type cells undergoing nitrogen starvation. Tubulin was used as loading control.
(D) Cells expresing rum1-rie growing exponentially were nitrogen starved for 4 hr. Northen blot analysis showing rum1 mRNA levels.
(E) Wild-type cells were synchronized in early G2 by centrifugal elutriation and then starved for nitrogen at different times. Northern blot showing
stabilization of rum1 mRNAs when cells are nitrogen starved in early (0), mid (30), or late G2 (60) (left panel) and FACS profile (right panel).
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5B). At later time points, the level of mRNA1 increased stationary phase. Under these conditions, fission yeast
arrest the cell cycle in G2. When these cells were reinoc-again (Figures 5B and 5D; 240 min). We did not observe
this second wave in ura4 mRNA in the ura4-RIE strain, ulated into fresh rich medium, we observed that while
the wild-type strain reentered the cell cycle from G2,indicating that it is likely to result from the activation of
promoter 1 (Figure 5B). We tested whether this transcrip- the mutant showed an elongated phenotype and eventu-
ally a percentage of the cells reinitiated the cell cycletional activation of mRNA1 depends on two proteins
known to be activated by nitrogen starvation in fission from G1, undergoing an extra round of DNA replication
(Figures 7A and 7B). This phenotype is reminiscent ofyeast: the Spc1/Sty1 MAP kinase and the transcription
factor Ste11. Transcriptional activation of promoter 1 the endoreduplication phenotype observed in certain
cdc2 and cdc13 mutants and on rum1 deregulation [3,could be mediated by the Spc1/Sty1 MAP kinase stress
pathway, since we could not detect transcriptional acti- 22, 23]. In these cases, downregulation of cdc2/cdc13
kinase activity leads to the occasional activation of DNAvation of rum1 mRNA1 in a spc1/sty1 mutant. However,
accumulation of mRNA1 and 2 at 20–40 min was still ob- prereplication complexes and S phase entry [24]. We
also observed that the percentage of cells undergoingserved in this strain (Figure 5F). In contrast, we observed
transcriptional activation of rum1 mRNA1 in cells lacking diploidization increased with time under starvation con-
ditions, reaching 26% for the mutant (Figure 7B). Thesethe Ste11 transcription factor (Figure 5F). Taking all these
data together, we propose that upon nitrogen starvation data suggest that the RIE sequence in the 3UTR of
rum1 mRNA limits the expression of the rum1 gene tothere is an early, RIE-dependent accumulation of rum1
mRNAs, which is probably due to mRNA stabilization, prevent rereplication when cells enter the cell cycle from
G2 after nutrient deprivation.followed by a late increase of mRNA1 most likely con-
sisting of transcriptional induction of promoter 1.
Mutations in rum1 3UTRs Cause
Defects in MeiosisCells Expressing rum1 Lacking RIE
Are Delayed in G1 To test whether this new mechanism of regulating rum1
function has any additional biological effects, we checkedWe have shown that, under nutrient deprivation, rum1
mRNAs increase in G2 in order to delay the next cell the behavior of mutant cells lacking the RIE during con-
jugation, meiosis, sporulation, and germination. For thiscycle in G1. One prediction following from our data is
that rum1-rie cells would be delayed in G1 indepen- experiment, we crossed two wild-type, hx h, and two
mutant strains, h rum1-rie x h rum1-rie. Thesedently of nutritional status. This delay in G1 was revealed
in mutant cells expressing rum1 lacking RIE in genetic strains were able to mate and to form zygotes, but they
showed a broad range of problems during meiosis, suchbackgrounds that are compromised for progression
from G1 to S phase, such as the cig2 deletion (Figure as chromosome missegregation, aberrant spore forma-
tion, and poor spore viability (Figures 7C and 7D; data6A) or the cdc10-129 mutant (Figure 3A).
If stabilization of rum1 messages is required for de- not shown). We are currently investigating these pheno-
types further. These results suggest that rum1 mRNAlaying the cell cycle in G1 upon nitrogen starvation, then
instability of rum1 mRNAs could be needed to initiate stability must be exquisitely controlled in order to pro-
duce a successful meiosis. Stabilization of the rum1a new cell cycle after refeeding the cells with nitrogen.
rum1-riemutant cells were therefore deprived of nitro- mRNAs resulted in a more efficient arrest in G1 under
nitrogen starvation to initiate sexual differentiation.gen and then refed to induce reentry into the cell cycle.
rum1-riemutant cells arrested more readily upon nitro- However, meiosis was impaired, presumably due to an
excess of Rum1 protein.gen starvation (Figure 6B; time 90–120 min) and re-
mained arrested in G1 for longer than the wild-type con-
trol upon refeeding the cells with nitrogen (Figure 6B; Discussion
time 300–420 min). This result shows that stabilization
of the rum1 mRNAs is required for the delay in G1 and The Rum1 protein has three functions during the fission
that instability of rum1 messages may be needed for yeast cell cycle: it prevents early G1 cells from undergo-
entry into a new cell cycle. This delayed cell cycle entry ing mitosis, determines the length of G1, and allows G1
was not a consequence of cell size, since the rum1-rie arrest and cell differentiation in response to nitrogen
mutant cells were in fact 10%–20% bigger than the wild- starvation and/or mating pheromones [3, 5]. Unregu-
type cells (Figure 6B). lated expression of rum1 in exponentially growing cells
causes a delay in G1 and endoreduplication cycles with-
out mitosis, leading to polyploidization [3]. For thesemRNA Stability of rum1 Is Important
for Maintenance of Ploidy reasons, Rum1 protein levels, like the levels of other
Cdk inhibitors, such as Sic1 in S. cerevisiae and p27 inWe next examined the effect of the rum1 3UTR muta-
tions on cell cycle reentry following carbon starvation- animal cells, are tightly controlled by Cdk phosphoryla-
tion followed by degradation through the SCF/ubiquitin-induced arrest in G2. Cells from the wild-type and the
mutant rum1-rie were grown in rich medium (YE) until dependent proteolytic pathway [6, 7, 24, 25]. Although
(F) rum1 mRNA levels in wild-type, spc1 mutant, and ste11 mutant after nitrogen starvation. mRNA quantification is expressed in arbitrary
units (a.u.), considering 1 unit the amount of mRNA present in cells growing exponentially. rRNAs stained with ethidium bromide were used
as loading control in the Northern blots shown in (B), (D), (E), and (F). RIE corresponds to the sequence 27–541 in the 3UTR.
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Figure 6. Cells Lacking RIE Are Delayed in
the G1 Phase of the Cell Cycle
(A) Flow cytometry of cells from rum1-rie,
cig2, and the rum1-rie cig2 strains in mi-
dexponential phase, showing the G1 delay
produced by rum1 mRNA stabilization.
(B) Flow cytometry of the wild-type and the
strain lacking RIE (rum1-rie) during exit from
and entry into the cell cycle induced by nitro-
gen starvation and refeeding. Cells were
grown to midexponential phase, washed sev-
eral times, and nitrogen starved. After 8 hr,
nitrogen was added back to the culture (N)
and samples for flow cytometry were taken
at the indicated time points. At the margin is
indicated the percentage of cells with 1C or
2C DNA content. RIE corresponds to the se-
quence 27–541 in the 3UTR.
proteolysis plays a major role in the regulation of Rum1 rich elements in their 3UTRs that confer instability on
their mRNAs by promoting shortening of their poly(A)periodicity in exponentially growing cells, we show here
that rum1 gene expression is also regulated at the level tails (see [17] for a review).
We have found that rum1 mRNAs are deadenylatedof mRNA stability. This regulation is important in other
physiological conditions, such as during nutrient depri- before degradation (data not shown), suggesting that
rum1 mRNAs are degraded by a similar mechanism.vation and meiosis.
Following deadenylation, the RNAs are degraded by one
of two different pathways; either by removal of the 5-Rapid Stabilization of rum1 mRNAs
upon Nitrogen Starvation cap, which allows the access of a 5 to 3 exonuclease
or by a 3 to 5 complex of exonucleases named theThe rum1 gene is actively transcribed in fission yeast
cells growing exponentially in complete minimal me- exosome. This process is conserved from yeast to hu-
mans [28, 29]. Why regulate the stability of rum1 mRNAsdium. However, under these conditions the levels of
rum1 mRNAs are low because they have a very short when rum1 is already subject to regulation at the tran-
scriptional and posttranslational (phosphorylation/deg-half-life of approximately 2 min. Instability of rum1
mRNAs in complete medium is caused by the presence radation) levels? One rationale is that switches in rum1
gene expression can be coupled to extracellular signals,of the AU-rich RIE sequence in the 3UTR. Several S.
cerevisiae genes, including MFA2 and TIF51A/eIF5A [26, such as nutrient starvation, allowing a rapid response
without the need for de novo transcription and nuclear27], and many mammalian genes encoding growth fac-
tors, lymphokines, cytokines, protooncogene products export of the mRNAs. Stabilization of rum1 mRNAs in
G2 could generate enough Rum1 protein to partially(c-fos, c-myc), and cyclins (D1, A, and B) contain AU-
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inhibit the Cdc2/Cdc13 complex, which would allow the
stabilization of Rum1 protein and its accumulation in G1.
This rapid response of rum1 mRNA stabilization is
followed by a slower response that involves the activa-
tion of promoter 1 and repression of promoter 2. Induc-
tion of promoter 1 takes place approximately 4 hr after
nitrogen deprivation and depends on the Sty1/Spc1
stress-activated MAP kinase pathway (Figure 5F). This
pathway also senses the nutritional environment and
would drive sufficient rum1 gene expression to allow
prolonged G1 arrest after the nutritional shift. Recently,
it has been demonstrated in mammalian cells that under
different stress conditions 47% of the genes are regu-
lated by transcription and 53% by mRNA turnover [30],
indicating that mRNA turnover is a common mechanism
to regulate gene expression.
Functional Significance
Stabilization of rum1 mRNAs by mutating the RIE causes
a small delay in G1 on exponentially growing cells. These
mutant cells arrest in G1 more readily and are slow
to reenter the cell cycle after nitrogen refeeding. The
consequences are more dramatic when mutant cells go
through meiosis. The wide variety of meiotic defects in
these cells presumably result from the unusually ele-
vated levels of Rum1 protein. Meiosis in fission yeast
occurs under starvation conditions and yet requires
degradation of Rum1 protein before premeiotic S phase
(M.A. Blanco, K. Labib, and S.M., unpublished data). If
the Cdk/cyclin activity required for the phosphorylation
and degradation of Rum1 were limiting, increased stabil-
ity of rum1 mRNAs would lead to an increase in the
concentration of Rum1. As a consequence, cells would
proceed through meiosis with unregulated rum1 expres-
sion. This suggests that meiosis is very sensitive to small
changes in rum1 gene expression and perhaps this fine-
tuning mechanism has been selected during evolution
to provide enough Rum1 protein to allow G1 arrest and
mating but not so much that meiotic defects result.
A similar argument could be used to explain the rerep-
lication phenotypes observed when cells expressing
rum1-rie were allowed to reach stationary phase and
then refed with fresh medium. These cells behaved in
a similar way to certain cdc2 and cdc13 mutants that
Figure 7. Deletion of the RIE Results in Polyploidization in Response
to Starvation and Defects in Meiosis
Wild-type and the rum1-rie mutant were grown in yeast extract
until stationary phase and then reinoculated into fresh yeast extract
medium. Samples were taken during exponential growth (Exp.), at
OD595  4, OD595  8.4, and 6 hr after the refeeding from OD595 
8.4 for DAPI staining, flow cytometry, and plating out on YE plates
with phloxin B in order to count the percentage of diploid colonies.
(A) Phase contrast (top) and DAPI staining (bottom) of fission yeast
cells after reinoculating for 6 hr in fresh YES medium.
(B) Flow cytometry showing the changes in DNA content. Percentage
of diploid colonies generated during the experiment in rum1-rie.
(C) Wild-type and rum1-rie mutant were crossed to cells of the
opposite mating type but otherwise identical genotype, followed
through mating and meiosis, and observed under the microscope.
DIC (top) and DAPI staining (bottom).
(D) Percentage of asci with 4, 3, 2, and 1 spores was counted in
each case. RIE corresponds to the sequence 27–541 in the 3UTR.
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